PURPOSE. Primates and rodents are used widely as animal models of glaucoma, but each has significant limitations. Researchers need additional animal models that closely resemble the relevant anatomy and pathologic features of the human disease to more quickly advance research. We validate a novel glaucoma animal model in tree shrews (Tupaia belangeri).
G laucoma is a leading cause of blindness worldwide, 1 ,2 yet we still are trying to develop a fundamental understanding of the underlying pathophysiologic mechanisms that lead to retinal ganglion cell (RGC) death. Development of animal models that accurately reflect the pathophysiology of human diseases is critical to advancing our understanding of the disease pathogenesis and its progression. Moreover, these models are instrumental in helping translate basic science discoveries, such as novel pharmacologic therapeutics, from in vitro, preclinical stages into human clinical trials.
The preponderance of evidence strongly suggests that the RGC axonal injury occurring within the lamina cribrosa is a critical component of glaucomatous injury. [3] [4] [5] [6] [7] [8] [9] This has led to increasing interest in understanding the mechanobiology of the optic nerve head (ONH) and the role of translaminar pressure differences in the development and progression of glaucoma. To understand these relationships, researchers must use animal models that most closely resemble the relevant human anatomy and develop key pathologic features of the human disease.
While nonhuman primates represent the most ideal animal model for certain types of glaucoma research due to their complex load-bearing collagenous lamina cribrosa resembling humans, [10] [11] [12] [13] these models are costly and, thus, not applicable to larger studies required to evaluate new treatments. Alternatively, many researchers have chosen to use rat [14] [15] [16] [17] [18] [19] [20] or mouse [21] [22] [23] [24] models of glaucoma in their research. Murine models have the advantage of allowing unparalleled study of the genetic and molecular pathobiology underlying glaucoma. [25] [26] [27] [28] [29] However, similar to rat models, mice lack a well-developed load-bearing ONH lamina cribrosa. 30, 31 This structure is critical for investigating many of the biomechanical aspects of glaucoma, including, most critically, remodeling of the load-bearing connective tissues. In contrast, the tree shrew (Tupaia belangeri) is a small mammal closely related to primates 32 that currently is used in vision research as an inducible myopia model. 33, 34 Tree shrews are accessible and, most importantly, have a robust connective tissue lamina with horizontally-oriented laminar beams that insert into the peripapillary sclera and, thus, are load-bearing. 35 We validated a novel animal model of glaucoma in tree shrews by demonstrating a reliable method to chronically elevate IOP with resultant selective gradual loss of the RGC and retinal nerve fiber (RNFL) layers, histopathologic evidence of glaucomatous optic neuropathy, and remodeling of the load-bearing connective tissues of the ONHs consistent with human glaucoma. and were approved by the University of Alabama at Birmingham's Institutional Animal Care and Use Committee. Adult male and female tree shrews (n ¼ 8) ranging from 1.7 to 7.7 years old (mean, 5.0 years) were used in this study. Animals were housed individually on a 12-hour light-dark cycle (lights on at 7:00 AM) with access to food and water ad libitum. For all procedures (induction of ocular hypertension, IOP measurements, and optical coherence tomography [OCT] imaging), animals were transported to the procedure rooms in their individual nest boxes. At the end of each procedure, animals were returned to their nest boxes and observed until fully mobile, at which point they were returned to their home cages. During the recovery period, nest boxes were warmed using a heating blanket.
METHODS

Animal Preparation
Ferro-Magnetic Bead Preparation
A modified version of the technique of Samsel et al. 36 for induction of ocular hypertension was used. Ferromagnetic microspheres measuring 10 lm in diameter (Cat#109319-10; Corpuscular, Inc., Cold Spring, NY, USA) required thorough washing to prohibit a uveitic response after injection into the anterior chamber. The microspheres were resuspended via vortex mixer and aliquots placed into 1 mL centrifuge tubes. Microspheres then were spun down at 5400g for 2 minutes. The supernatant was removed and beads were resuspended in sterile balanced salt solution (BSS) using the vortex mixer. This process was repeated three times.
Induction of Ocular Hypertension
Isoflurane anesthesia was induced (3.0%-4.0% isoflurane at an O 2 flow of 2.0 L/min) by connecting the small animal anesthesia machine (Summit Medical Equipment, Bend, OR, USA) directly to the nest box. Once anesthesia was accomplished, animals were placed on a sterile surgical field under an operating microscope. Body temperature was maintained at 378C throughout the experiment via a homeothermic blanket (Harvard Apparatus, Holliston, MA, USA). Topical proparacaine 0.5% was placed in the eye as supplemental anesthesia. The eyelids were washed three times with 5% betadine and one drop of betadine was instilled into the eye. Sterile BSS was used to rinse the eyelids and eye preoperatively. Under microscopic visualization, the anterior chamber was cannulated with a 30-gauge needle on a tuberculin syringe and 50 lL ferromagnetic microspheres at a concentration of 25 mg/mL were injected into the anterior chamber. The 30-gauge needle could be rotated slightly in the iris plane to allow leakage of aqueous humor through the paracentesis to avoid an acute, high elevation of IOP immediately following microsphere injection and angle occlusion. Following injection, a neodymium magnet was used to guide and evenly relocate the beads 3608 throughout the angle (Fig. 1 ). Bacitracin ophthalmic ointment was placed in the operative eye and the animal was returned to the nest box for recovery.
IOP Measurement
IOP was monitored throughout the experiment using the Icare TonoLab rebound tonometer (Icare Finland Oy, Helsinki, Finland). The Icare TonoLab is factory calibrated with standard settings for mice and rats. We previously had performed a calibration of this TonoLab rebound tonometer for isofluraneanesthetized tree shrews, and this standardization curve was used to calculate the IOP readings throughout the current experiments. IOPs were recorded for 14 consecutive weeks, starting 1 week before and ending 12 weeks after magnetic microsphere injection. Animals were placed under isoflurane anesthesia as described previously. Immediately upon induction, animals were placed on an elevated platform that supported the head and body to allow easy access to both eyes for IOP measurements. Care was taken to ensure the tonometer bore remained in the horizontal position and all measures were taken from the center of the cornea. All IOPs were taken 10 times and averaged for each time point.
Spectral Domain Optical Coherence Tomography (SD-OCT) Imaging
Baseline in vivo SD-OCT imaging was performed 1 week before microsphere injection and biweekly for 12 weeks following each IOP assessment using the Spectralis SD-OCT (Heidelberg Engineering, Inc., Heidelberg, Germany). One drop 1% tropicamide and 2.5% phenylephrine was used to dilate the iris. A 208 3 158 raster scan through the ONH consisting of 37 high-resolution line B-Scans (9 scans/line averaged under ART Eye Tracking) in Enhanced Depth Imaging (EDI) mode, a 208 radial scan through the ONH consisting of 24 high-resolution BScans (18 scans/line averaged under ART Eye Tracking) in EDI mode, and the peripapillary RNFL thickness were measured using a circle scan at each time point. OCT images were analyzed for changes in peripapillary RNFL thickness, and the ONH line B-scans delineated for comparison to ONH sagittal reconstructions. All ONH images were exported in RAW (. Bethesda, MD, USA) using the Open Heyex Raw plugin. Gamma then was adjusted to 0.35 and contrast enhanced 0.1%.
Tissue Collection and Histopathologic Analysis
At the end of the study, all animals were deeply anesthetized with xylazine (50 mg intraperitoneally [IP] ). The anterior chamber of each eye was cannulated with a 30-gauge needle attached to a reservoir of PBS for control of IOP during fixation. Glaucomatous eyes were pressurized to the 6-month mean IOP, while the fellow control eyes were pressurized to the normal baseline IOP. The animals were perfused transcardially with 180 mL of PBS followed by 180 mL 4% paraformaldehyde. The brain, optic nerves, and eyes were explanted in toto. The eyes will be used for histomorphometric analysis and 3-dimensional (3D) reconstruction in a future study.
Optic nerves were collected for automated, 100% optic nerve axon counts using AxonMaster software in a manner similar to that of Reynaud et al. 37 Briefly, optic nerves were resin-embedded using an EMBED-812 embedding kit (Electron Microscopy Sciences, Hatfield, PA, USA), and 1-lm crosssections were stained for myelin using P-phenylenediamine (1,4 D diamine benzene P-phenylenediamine; PPD) as follows: A 2% solution of PPD stain (Sigma Aldrich Corp., St. Louis, MO, USA) was created in 50% ethanol. The PPD stain was kept in a foil-wrapped, dark glass jar with a tight paraffin lined lid to protect it from light and prevent the ethanol from evaporating. PPD stain was filtered with a 0.2 lm nylon sterile filter before use. Slides containing optic nerve sections were stained at room temperature for approximately 20 minutes (time was adjusted slightly to obtain consistency in the desired staining intensity with each batch of slides). Once staining was complete, slides were rinsed in 100% 2-propanol and allowed to dry on a warming plate. Slides then were coverslipped and allowed to dry before imaging. The entire nerve cross-section was imaged and montaged at 3100 using an Olympus VS120 robotic microscope on a BX61 platform that was equipped with an automated slide scanner and CellSens (Olympus Corp., Tokyo, Japan) control software. In addition to axon counts, retrobulbar optic nerve sections were examined under bright field microscopy to determine the severity of glaucomatous optic neuropathy by histopathologic analysis.
Statistical Analysis
Baseline IOP and RNFL values between the magnetic microsphere injected and control eye were compared using an independent t-test. A repeated measures ANOVA then was used to determine whether microinjection of magnetic microspheres into the anterior chamber angle had a treatment-bytime effect on IOP and RNFL thickness. Where a time effect was found, an unpaired, 2-tailed t-test was used to compare individual time points between the treated and control groups. Total axon counts between the treated and control groups were compared using an independent 2-tailed t-test. All data are reported as mean 6 SD. Significance was considered P < 0.05 for all experiments.
Similar to rodents, there is interanimal variability in the number of optic nerve axons. In studies comparing optic nerve axon counts to accumulated IOP (IOP 3 Days) and RNFL thickness, we normalized the axons counts by determining the percent of axons remaining in the experimental compared to the control eyes. Linear regression analysis was used to compare normalized 100% optic nerve axon counts versus accumulated IOP and versus change from baseline RNFL thickness.
RESULTS
Injection of ferromagnetic beads resulted in sustained IOP elevation for the duration of the study at all time points compared to the control eye (Fig. 2, Table 1 ) while maintaining optical clarity of the lens and cornea needed for funduscopic examination and imaging. The range of IOP elevation following microbead injection was 14.3 6 4.5 to 28.5 6 7.2 mm Hg over the 12-week follow-up in the treated eyes. Mean IOP in the treated eyes was significantly elevated compared to the control eyes (average 22.7 6 3.6 and 8.6 6 2.9 mm Hg, respectively) at all time points throughout the 12-week follow-up period ( Table 1 ). The individual means and standard deviation are illustrated in Table 1 and Figure 2 .
The results of RNFL thickness obtained at baseline and throughout the 12-week follow-up are shown in Table 2 and Figure 3 . There was a significant reduction in RNFL thickness at 2 weeks following IOP elevation, with a continual gradual decline in RNFL thickness throughout the duration of the study as determined by repeated measures ANOVA (P < 0.001). The treated eyes showed significantly thinner RNFL compared to control eyes at all time points following IOP elevation (Table  2) . Furthermore, the amount of RNFL reduction was related to duration and magnitude of IOP elevation (IOP*Days; Fig. 4 ).
There was a significant reduction in axonal number between treated and control eyes (112,676 6 70,955 vs. 305,326 6 100,560 axons, respectively; P ¼ 0.001; Fig. 5 ). The extent of axonal loss, while highly variable, was negatively correlated with the magnitude and direction of IOP elevation (Fig. 4) , but this correlation did not reach statistical significance (r ¼ 0.55, r 2 ¼ 0.30, P ¼ 0.16). There also was a significant association (r ¼ 0.73, r 2 ¼ 0.54, P ¼ 0.038) between RNFL loss (i.e., thickness of RNFL at the final examination compared to baseline) and axonal loss (Fig. 6) .
Changes in the morphometry of the load-bearing connective tissues can be visualized in vivo using SD-OCT imaging. Figure 7 illustrates the progressive bowing of the lamina cribrosa and posterior displacement of the anterior laminar surface in animals with increasing severity of experimental glaucoma compared to the normal control eyes. The postprocessed OCT B-scans show a BMO plane to anterior laminar surface distance in the normal, mild glaucoma, and severe glaucoma animals of 3, 15, and 27 pixels, respectively. Due to the optical magnification caused by the tree shrew's eye, the pixel-to-micrometer conversion on the Spectralis SD-OCT is not valid for this species. We are currently working on validation studies to determine the appropriate pixel-to-micrometer conversion factor for the tree shrew that will allow more objective measures in the future.
DISCUSSION
Our study demonstrated that injection of ferromagnetic beads into the anterior chamber of the tree shrew can generate a sustained elevation of IOP that results in damage to the optic nerve consistent with glaucomatous injury seen in human disease. In vivo, longitudinal observation with SD-OCT showed gradual reduction in RNFL thickness, while the outer retinal layers were preserved. In addition, examination of the retrobulbar portion of the optic nerve demonstrated an optic neuropathy characterized by reduction in total axonal number and axon density (Fig. 8) , similar to the human condition. Differences between treated and control eyes were significant at all time points after treatment (P < 0.001 at all time points). Tree shrews appear to offer researchers several advantages as a small animal model for glaucoma. All species of tree shrews share several common features, including omnivorous diet, a skeleton that is in an unspecialized mammalian pattern, small body mass, nonprehensile feet, claws on all digits, and a large brain-to-body mass ratio. There has been some controversy in the past as to the correct phylogenetic classification of the tree shrew. Similarities in brain and eye anatomy among other internal characteristics led to the initial classification of the tree shrew as a primitive primate. Genetic analysis does show that the tree shrew is in proximity to primates, 38 and they have been used widely as an alternative model to higher primates for studies of psychosocial stress, 39 hepatitis, 40 and myopia. 33, 34 However, tree shrews do not appear to share any derived characteristics. Thus, they are now classified independently in the order Scandentia. 38 Because the tree shrew ocular anatomy is closer to primates than rodents, the tree shrew model bridges a gap between established rodent and primate models of glaucoma.
The method used to elevate pressure in tree shrews is a modified approach similar to that described by Samsel et al. 36 for induction of glaucoma in other rodent models that use ferromagnetic microspheres. The advantage of this technique is that the beads occlude the trabecular meshwork while allowing visualization of the posterior segment by preserving the clarity of the ocular media. This approach was chosen after several other methods that have been used in other mammalian animal models were tried with limited success. These prior unsuccessful approaches included: (1) 3608 laser photoablation of the trabecular meshwork, (2) hypertonic saline injection into the episcleral veins, (3) thermal cautery of the episcleral veins, and (4) latex bead injection into the anterior chamber. A large iris root vessel mostly obscures the trabecular meshwork in the tree shrew and makes complete laser application impossible. Hypertonic saline and thermal cautery did not elevate IOP reliably, and microinjection of latex microspheres resulted in an inconsistent IOP elevation and frequently impaired the view to the posterior segment.
While there was a correlation between axonal loss and total accumulated IOP (r ¼ 0.55, r 2 ¼ 0.30, P ¼ 0.16), this association was highly variable and did not reach significance. For example, for the five eyes that experienced more than 1000 IOP*days, the range of axonal loss varied from 18.2% to 89.4%. Part of this variability may be accentuated by the use of weekly IOP measurements in this study and may be minimized in the future by increasing the IOP measurement frequency. Notwithstanding, the variability in susceptibility to IOP-related injury seen in this study is similar to that of other small animal models 24, 41 and may reflect individual differences in susceptibility to IOP-related injury that have been observed in human disease. The entire cohort showed a broad range of histopathologic injury (Fig. 8) . Thus, this model can afford the opportunity to explore the characteristics associated with disease susceptibly.
The tree shrew model of glaucoma provides the opportunity to study changes in the optic nerve, retina, and central nervous system at various disease stages defined by structural loss in the retina and neuroretinal rim or remodeling changes within the lamina cribrosa in vivo, as has been performed in models of glaucoma in higher primates. 42, 43 Because the ferromagnetic beads can be drawn away from the pupil and visual axis, the current model allows for visualization of the posterior segment with SD-OCT imaging of the optic nerve and retina. This permits in vivo quantification of changes in these structures. These results clearly showed a time-dependent progressive thinning of the RNFL in response to increased IOP in the treated eye. Moreover, changes within the lamina cribrosa consistent with posterior deformation and remodeling potentially can be observed in these eyes. Figure 7 demonstrates representative changes seen in the ONH in an eye with early and more advanced damage. During the completion of this study, we began to recognize the potential for an even greater detailed analysis of the morphologic structures in the tree shrew ONH. With proper focus, post-image processing, and b-scan alignment, it is possible to identify individual laminar beams using higher raster volume scans (Fig. 9 ). All of our forthcoming studies will incorporate high raster volume scans through the ONH. Future studies also will be aimed at quantifying the remodeling occurring within the tree shrew lamina in more detail.
While other small animal models in the mouse 24 and rat 41 have demonstrated RGC loss and axonal injury at the level of the ONH, these animal models do not have load-bearing connective tissue trabeculae that span the neural canal. While mouse and rodent models are reasonable platforms in which to study axonal and retinal injury due to IOP elevation, they cannot be used to evaluate changes within the load-bearing connective tissue of the ONH. In contrast to other small animal models, changes in the structure of the load-bearing lamina cribrosa can be observed in tree shrews; thus, providing the opportunity to study the structural, cellular, and molecular changes in true load-bearing laminar beams. 35 The tree shrew model may be uniquely useful in experiments aimed at elucidating the molecular and cellular changes in the lamina cribrosa that occur in glaucoma.
Albon et al. 35 described the connective tissue architecture of the lamina cribrosa of the tree shrew and changes associated with aging. Their work revealed important similarities to the human lamina cribrosa, suggesting that it would make an excellent glaucoma model to study mechanobiology of the load-bearing connective tissue elements of the ONH. They demonstrated that the tree shrew optic nerve consists of a retrolaminar region consisting of vertically-oriented connective tissue septa and myelinated axons, a prelaminar region, and a laminar region with a similar microstructure to the human ONH in that the neural canal in this region is spanned by several fenestrated multilayer connective tissue 3D structures. These plates are composed of collagen types I, III, IV, V, and VI, fibronectin, and elastin in a similar fashion to that seen in the human. Moreover, these components also demonstrated changes with aging consistent with what has been shown in human disease. Thus, the tree shrew may make an excellent model to study the effects of aging, a primary risk factor or open-angle glaucoma (OAG), on vulnerability to IOP-related injury. Immunofluorescent labeling also demonstrated high levels of glial fibrillary acidic protein (GFAP) staining cellular process in the lamina cribrosa of the tree shrew suggesting the dense network of supportive astrocytes associates with these load-bearing connective tissue sheets. 35 These findings are again similar to that seen in the human lamina cribrosa and, hence, tree shrews provide a potential platform to study the effects of ONH mechanical strain and glaucomatous injury on cellular behavior within the lamina cribrosa using a small animal model. Lastly, the tree shrew also has three classes of RGCs, analogous to the W-, X-, and Y-cells in the cat, that have a variety of sizes and distributions within the lamina cribrosa. 44 Thus the model also could be used to examine vulnerability to individual subtypes of RGCs to IOP-induced changes within the microenvironment of the lamina cribrosa.
While this study has demonstrated the ability of this model to produce a ''glaucoma-like injury,'' the study has some limitations. All animals were given similar volumes of magnetic beads and dispersed in a similar fashion throughout the angle, resulting in a fairly rapid loss of RNFL thickness due to IOP elevation. Future studies aimed at partially occluding the angle are planned to determine optimal titration of IOP elevation for a more gradual axonal injury to allow for evaluation of more chronic remodeling processes in the ONH. IOP was measured at several time points and did correlate with the degree of glaucomatous injury (axonal loss and decreased RNFL thickness). However, similar to all animal models and human disease, IOP is highly variable and true IOP exposure is not known. Future studies using implantable telemetric IOP sensors are planned to enhance the precision of the model. While the tree shrew has a similar load-bearing connective tissue lamina cribrosa compared to the human ONH, there are significant differences in the morphology of these tissues with a more radial orientation of load-bearing beams within the tree shrew ONH (Fig. 10) . However, given similar molecular and cellular characteristics, the tree shrew should be a better model to study the effects of laminar beam strain and the cellular and molecular components of the load-bearing beams within the ONH than existing small animal models that lack a collagenous load-bearing lamina. 35 In summary, our study demonstrated that sustained moderate IOP elevation can be obtained using injection of ferromagnetic microbeads into the anterior chamber of the tree shrew. This results in a gradual reduction in RNFL thickness measured in vivo and significant axonal loss measured ex vivo. These changes are associated with a posterior remodeling of the lamina cribrosa that can be visualized in vivo using SD-OCT. The tree shrew glaucoma model has the potential to provide a less costly platform to study how alteration and variation in the load-bearing ONH connective tissues modulate glaucomatous injury. Moreover, given the extensive use of the tree shrew as a model of myopia, this model can be used to study the complex interaction between remodeling of the sclera and ONH seen in myopia and glaucoma.
